Ultraviolet (UV)-irradiated Newcastle disease virus which has lost its infectivity but has the capacity to induce interferon also has the capacity to induce ribonucleic acid (RNA) synthesis both in vitro and early in infection in vivo. With In recent years there has been increasing interest in the question of whether ultraviolet (UV)-inactivated Newcastle disease virus (NDV) has the ability to induce virus-specific ribonucleic acid (RNA) synthesis. Interest in this otherwise esoteric question is based on two observations related to interferon induction. The first is that NDV is a good inducer of interferon in cultured cells of its natural host (chick embryo cells) only after UV irradiation of the virus (8, 17, 24) ; the second is that double-stranded RNA is the best exogenous inducer of interferon (9, 10, 16). These findings raised the question of whether the single-stranded RNA of the UV-irradiated virion can itself induce interferon (14). Alternatively, the crippled virus might possess the ability to induce the synthesis of base-paired RNA which could in turn serve as an interferon inducer (19).
In recent years there has been increasing interest in the question of whether ultraviolet (UV)-inactivated Newcastle disease virus (NDV) has the ability to induce virus-specific ribonucleic acid (RNA) synthesis. Interest in this otherwise esoteric question is based on two observations related to interferon induction. The first is that NDV is a good inducer of interferon in cultured cells of its natural host (chick embryo cells) only after UV irradiation of the virus (8, 17, 24) ; the second is that double-stranded RNA is the best exogenous inducer of interferon (9, 10, 16) . These findings raised the question of whether the single-stranded RNA of the UV-irradiated virion can itself induce interferon (14) . Alternatively, the crippled virus might possess the ability to induce the synthesis of base-paired RNA which could in turn serve as an interferon inducer (19) .
Several studies on the RNA-synthesizing capacity of UV-irradiated NDV have been carried out, but with conflicting results (13, 14, 19) . At the heart of this controversy is the small amount of base-paired, virus-specific RNA detectable in cells infected with infectious virus (5, 25) and the small amount of any type of virus-specific RNA 1 On leave of absence from Universidad Central de Venezuela.
(single-stranded or base-paired) in cells infected by UV-irradiated virus (13, 14, 19) .
We have chosen the more direct approach of analyzing the innate RNA-synthesizing capacity of UV-irradiated virus. This approach is now possible because the synthesis of RNA complementary to the template RNA of the virion, catalyzed by the RNA polymerase contained in the virion, can be measured in vitro (18) . By using this system, we have asked whether UV-irradiated NDV possesses the ability to synthesize RNA and, in particular, base-paired RNA. In the course of these studies, we have also compared the effects of UV irradiation on viral infectivity, viral RNA, and interferon-inducing capacity. We also examined the products of the in vitro RNA polymerase reaction when UV-irradiated and nonirradiated virus were employed. As indicated in a preliminary publication (Clavell, Dore, and Bratt, Bacteriol. Proc., p. 215, 1971), the results of these studies have allowed us to conclude that UVirradiated NDV, capable of inducing interferon, possesses the ability to synthesize RNA and that with more extensive irradiation these properties are lost in parallel. Finally, by using the procedures described by Robinson (Virology, in press) for detecting virus-specific RNA synthesis within 90 min of Sendai virus infection, we have been able to detect NDV-specific RNA synthesis in cells early in infection by both UV-irradiated and nonirradiated virus. Although not providing conclusive proof, these results suggest the possibility that the single-stranded RNA of the UVirradiated virus does not itself induce interferon but does so by serving as a template for the synthesis of limited amounts of base-paired RNA.
MATERIALS AND METHODS
Virus. Cloned NDV-HP (Israel, HP, 1935) was grown, concentrated, purified, and assayed for infectivity as previously described (3, 6 ; Clavell and Bratt, in preparation). The final stage of purification consisted of centrifugation through an isopycnic sucrose-deuterium oxide gradient (12, 18) . All virus preparations contained 1.0 to 1.6 mg of NDV protein (21) and 1010 to 5 X 1010 plaque-forming units PFU/ml. 32P-labeled virus was prepared in embryonated eggs as previously described (4, 12) and subjected to the same purification procedures.
Cells. Primary and secondary chick embryo cell cultures were prepared as previously described (3, 4) .
RNA polymerase reaction. Reagents and procedures were similar to those described previously (18) . Reac Corp.) . Half of the cultures were, in addition, treated with 50 ug of cycloheximide (ActiDione, Calbiochem) per ml for 45 min prior to infection and during the whole incubation period. This amount of cycloheximide is sufficient to suppress protein synthesis under these conditions by more than 95%. After incubation for 2 or 6 hr, the cultures were harvested and their RNA was extracted in cold phenol (4) .
RNA fractionation procedures. Samples were layered on 10 to 30% linear sucrose gradients (18) containing 0.5% SDS and centrifuged at 22 C for 3.5 hr at 180,000 X g in a Spinco SW 41 rotor. Fractionation beginning with the top of the gradient was done with an ISCO fractionator (Instrumentation Specialties Co.) which measured optical densities. The fractionator was coupled with an ISCO fraction collector which allowed collection of 30 fractions from each 12-ml gradient. Samples were trichloroacetic acidprecipitated and counted as described above. Ribonuclease resistance was measured by incubating samples in a mixture of 50 ;g of pancreatic ribonuclease (Schwarz BioResearch, Inc.) per ml and 25 units of Ti ribonuclease (Calbiochem) per ml at 37 C for 1 hr in 1 X SSC (0.15 M NaCl; 0.015 M sodium citrate) containing 0.25% SDS.
Cold phenol-extracted (4) chick embryo cell RNA was always added as a marker. In some experiments, "P-labeled viral RNA species were also added as a marker. Reproducibility of the location of 4, 18, and 28S cellular RNA (not shown in the figures) and 50S viral RNA [Under the sedimentation conditions employed here, NDV RNA always sediments as a 50S rather than 57S molecule as previously described (4, 12) .] was always within 0.5 fractions, which corresponds to approximately 1 S unit.
Interferon. Interferon was measured by yield reduction of vesicular stomatitis virus (VSV). Primary chick embryo cells were infected at a multiplicity equivalent to 5 PFU/cell with either nonirradiated or UV-irradiated NDV. Culture fluids were removed 24 hr later and, to inactivate any residual virus, they were heated to 60 C for 1 hr. These samples were then added to secondary cultures of chick embryo cells. After 18 hr, these cultures were infected at a multiplicity of 3 PFU/ml by the Indiana strain of VSV (courtesy of A. S. Huang). After 24 hr, culture fluids were analyzed for VSV yields by plaque formation. Yield reductions were calculated by dividing the yields of cultures treated with interferon by the yields from untreated cultures. Maximal yield reductions of 670-fold were obtained from fluids of cultures infected with NDV irradiated for between 40 sec and 3 min. The fraction of maximal interferon-inducing ability was calculated by dividing this number into the values for yield reduction at various times.
UV irradiation. A Sylvania germicidal lamp (G15T8) was used at a distance of 55 cm as previously described (7, 20 Fig. 1 was done to determine whether UV-irradiated NDV has the ability to synthesize RNA in vitro and to compare the effects of UV irradiation on this activity with effects on infectivity and interferon-inducing capacity. Virus irradiated for increasing amounts of time was analyzed for these three properties. As previously described, inactivation of infectivity follows single-hit kinetics (7, 20 which, according to the Poisson distribution, is obtained when an average of one lethal hit has been received by each infectious unit). The rate of inactivation of RNA-synthesizing capacity is much slower but also follows single-hit kinetics. Initially, 40 sec of irradiation is sufficient to reduce RNA-synthesizing capacity to 37%, but this rate of inactivation eventually slows down to less than one-tenth of this rate. As previously reported (8, 17, 24) , interferon-inducing capacity initially increases, remains constant, and then is reduced with further irradiation. With periods of irradiation greater than 3 min, the interferoninducing capacity appears to be reduced in parallel with RNA-synthesizing capacity.
RNA breakdown by UV light. Gandhi and Burke have suggested that the loss of interferoninducing capacity found after extensive UV irradiation might be the result of breakage of the viral RNA (13) . To determine whether breakage of viral RNA results from UV irradiation of the virus, 32P-labeled NDV was subjected to UV irradiation for increasing periods of time. The viral RNA was then fractionated by velocity sedimentation (Fig. 2) . The RNA of nonirradiated virus sediments as a sharp peak at 50S. The material at the top of the gradient probably consists of phospholipid or the 4S RNA found in various amounts in preparations of 32P-labeled NDV (12) . Increasing amounts of UV irradiation cause the viral RNA to sediment progressivelv more slowly than 50S. This suggests that the RNA is broken by UV irradiation, although the possibility that its slower sedimentation is only the result of alterations in secondary structure has not been ruled out.
The rate of conversion of 50S RNA to more slowly sedimenting species is plotted along with the effects of UV irradiation on RNA-synthesizing capacity and interferon-inducing capacity (Fig. 3) . It is obvious that the rate of conversion is considerably slower (requiring almost 20 min for conversion of all but 37% of the 50S RNA to more slowly sedimenting species) than the rate of inactivation of the other properties. After 5 min of irradiation, 80% of the viral RNA still sediments as a 50S molecule, whereas only 10% of the RNA-synthesizing capacity remains. We conclude from this that, although UV irradiation may break down viral RNA, this rate of breakdown is too slow to be the major cause of the inactivation of either RNA-synthesizing capacity or interferon-inducing capacity. Virus irradiated for increasing periods of time was used in the RNA polymerase reaction, and the products were fractionated by velocity sedimentation in sucrose gradients (Fig. 4) . When nonirradiated virus is used, 3H-GMP is incorporated into several species of RNA. These include a high-molecular-weight species, which in this case sediments around 42S, and a large amount of RNA which sediments at 16S. In addition, there appear to be significant amounts of trichloroacetic acid-precipitable tritiated material which sediments considerably slower than 16S. The nature of this slowly sedimenting material is unclear. It appears likely that at least some of it is an artifact of the procedures employed since even unincubated reaction mixtures contain some of this material. However, because at least some of this material remains trichloroacetic acidprecipitable, even after phenol extraction and two cycles of alcohol precipitation, the possibility that it is a significant product of the reaction cannot be eliminated. Figure 4 also shows that UV irradiation of the virus markedly reduces the total amount of incorporation (as seen previously in Fig. 1 ) and alters the nature of the RNA species synthesized. The synthesis of the high-molecular-weight species is actually reduced by UV irradiation at about the same rate as total RNA synthesis (Fig. 1) . Even after 5 min of irradiation, the high-molecularweight species are still significantly above background, and the total amount of label incorporated into RNA species greater than 30S is about 8 to 10% of the amount incorporated in reactions employing nonirradiated virus. An additional effect of irradiation is that the high-VOL. 8, 1971 503 molecular-weight species from reactions employing virus irradiated for 3 and 5 min sediment around 50S rather than 42S as do the highmolecular-weight species from reactions employing nonirradiated virus.
Another effect of increasing UV irradiation is that the amount of 16S RNA synthesized decreases more rapidly than the synthesis of either total or high-molecular-weight RNA In vivo RNA synthesis. The fact that UVirradiated NDV has a virion polymerase which has the ability to synthesize RNA in vitro suggested the possibility that similar virus-specific RNA synthesis, perhaps also catalyzed by the virion polymerase, might occur after infection of chick embryo cells. Robinson has recently shown that such virus-specific RNA can be detected within the first 90 min of infection by nonirradiated Sendai virus (Robinson, Virology, in press ). Most of the RNA synthesized within this period is probably catalyzed by the polymerase which has recently been shown to be contained in Sendai virions (22, 23) since much of this RNA synthesis can occur in cells treated with the inhibitor of protein synthesis, cycloheximide.
The experiment illustrated in Fig. 6 shows that NDV-specific RNA synthesis can be detected early in infection by both nonirradiated and UV- 3H-uridine in the presence of 20 ,ug of actinomycin D per ml and in the presence and absence of cycloheximide. As in the case of Sendai virus infection (Robinson, Virology, in press), NDVspecific RNA synthesized during infection in the presence of cycloheximide is limited to those RNA species which are complementary to, and sediment slower than, the 50S RNA of the virus (4). In the absence of cycloheximide, however, all of those species normally seen late in infection (4) are found. Similar results, but with lower amounts of 3H-uridine incorporated, were obtained when RNA was extracted 2 hr after infection of similarly treated cells.
Panel 6B also shows that during the labeling period of from 0 to 2 hr 3H-uridine incorporation significantly above background has occurred in cycloheximide-treated cells infected with UVirradiated virus. An identical pattern was found when no cycloheximide was present. Panel 6C contains data for untreated and cycloheximidetreated cells labeled from 0 to 6 hr after infection by UV-irradiated virus. The labeling pattern and total 3H-uridine incorporation in these cultures is practically identical to that seen in panel B for a 2-hr labeling period. The fact that the patterns obtained with labeling periods of 0 to 2 hr and 0 to 6 hr suggests either that this RNA is turning over or that incorporation is essentially complete within 2 hr. Preliminary experiments support the latter hypothesis. Thus, UV-irradiated virus is capable of synthesizing virus-specific RNA early in infection. That the patterns obtained in the presence and absence of cycloheximide are almost 
DISCUSSION
The results presented here indicate that UVinactivated NDV loses its infectivity much more rapidly than its ability to synthesize RNA and that UV-irradiated virus which is capable of inducing interferon still possesses the ability to synthesize RNA in vitro and to induce RNA synthesis in infected cells as well.
Previous studies were unable to resolve the question of whether UV-irradiated virus induces RNA synthesis in infected cells (13, 14, 19) . As stated in the introduction, a major barrier was the low level of detectability in this system. In addition, in each of the earlier studies [including the one which reported detection of NDV-specific RNA in cells infected with UV-irradiated virus (19) and the others which were unable to detect any (13, 14) ], the time chosen for observation was in the range of 4 to 7 hr postinfection. Although this is clearly the best time for detecting NDVinduced RNA synthesis in normal infection (5, 15) , it might be predicted that if UV-irradiated virus were to induce any RNA synthesis it would do so early in infection. We have now been able to demonstrate that such synthesis does occur within 2 hr of infection. Although this RNA is consistently and significantly above background, it is still near the threshold of detectability. For this reason, it has been impossible so far to analyze this material in detail and to determine whether any of it is base-paired. It seems likely, however, that some base-paired RNA is involved in this early RNA synthesis as it is in the in vitro reaction and in NDV-specific RNA synthesis late in infection (5) .
It is clear that the synthesis of RNA in vitro is catalyzed by the polymerase contained in the virus particle, which has been shown previously to catalyze the synthesis of RNA complementary to the template RNA of the virion (18) . The finding that 3H-uridine is incorporated into RNA early in infection by UV-irradiated virus, and that this incorporation occurs even in the absence of protein synthesis, suggests that this incorporation is also catalyzed by the virion polymerase. Although there is as yet no conclusive proof of an absolute requirement for the action of the virion polymerase early in normal infection, the arguments which led to the search for such enzymes (1, 18) provide a compelling hypothesis for such a requirement.
Nevertheless, the presence of this polymerase in the virion, its ability to function both in vitro and in vivo, and the parallel loss of RNA-synthesizing capacity and interferon-inducing capacity raise doubts about the conclusion that the single-stranded RNA of UV-inactivated NDV is the inducer of interferon when this virus is introduced into cultured chick embryo cells (14) , a conclusion based on inability to detect virusspecific RNA synthesis after infection by UVirradiated virus. The same doubts must also be raised about the conclusion that the singlestranded RNA of the virion is the interferon inducer when NDV infects L cells (2, 11) , for, in that system also, the virion polymerase may function early even though no viral replication occurs. Identical doubts were raised by Friedman almost 2 years before the existence of the NDV polymerase was known (R. M. Friedman, in the discussion of reference 2). Therefore, the finding that UV-irradiated virus possesses the ability to synthesize RNA and that, as in the case of nonirradiated virus, this synthesis is mediated through a transcriptive intermediate which is partially base-paired supports the hypothesis of Huppert et al. (19) that the single-stranded RNA of the UV-irradiated virus may serve as a template for the synthesis of base-paired RNA which, in turn, might serve as an interferon inducer.
Our one reservation lies in the question of the extent to which the transcriptive intermediate is base-paired in vivo. Preliminary evidence with VSV suggested that much of the apparent ribonuclease resistance of the in vitro transcriptive intermediate of that virus may be an artifact of the use of SDS (Alice Huang, personal communication). Preliminary results with NDV in our own laboratory suggest that not only transient SDS treatment, but also the process of alcohol precipitation, greatly enhances the ribonuclease resistance of this species. We have found that the in vitro transcriptive intermediates of both nonirradiated and UV-irradiated virus undergo this enhancement of ribonuclease resistance. It is clear, however, that these intermediates produced in vitro have at least a limited amount of ribonuclease resistance which is attributable to naturally occurring base pairing. On the addition of either alcohol or SDS, this becomes much more extensive. Since we do not know the nature of the structure of the transcriptive complex, which may still be associated with the nucleocapsid in the in vitro reaction (22) (5) and that even avirulent strains of NDV must be UV-inactivated to induce interferon (8, 24) 
